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Field emission of individual carbon nanotubes was observed by in situ transmission electron
microscopy. A fluctuation in emission current was due to a variation in distance between the
nanotube tip and the counter electrode owing to a ‘‘head-shaking’’ effect of the nanotube during field
emission. Strong field-induced structural damage of a nanotube occurs in two ways: a
piece-by-piece and segment-by-segment pilling process of the graphitic layers, and a concentrical
layer-by-layer stripping process. The former is believed owing to a strong electrostatic force, and the
latter is likely due to heating produced by emission current that flowed through the most outer
graphitic layers. © 2002 American Institute of Physics. @DOI: 10.1063/1.1446994#Carbon nanotubes have been demonstrated to exhibit su-
perior properties for low-voltage field emission due to their
unique geometrical shape.1,2 Growth of aligned carbon
nanotubes3–5 onto a patterned substrate is a unique feature of
carbon nanotubes for applications in advanced technology.
Carbon nanotubes,6 boron carbonitride,7 and carbon
nanobells8 have been found to exhibit very low turn-on field
and superior field emission performance. Carbon nanotubes
grow from catalyst particles wherever they are deposited,
and one particle usually results in the growth of one nano-
tube, thus, providing experimental feasibility for designing
pattered nanostructures. The field emission properties of car-
bon nanotubes are usually measured from the aligned nano-
tubes distributed on a flat substrate, and the theory is based
on the Fowler–Nordheim equation,9 which correlates the
emission current density J and the macroscopic applied elec-
tric field E . The theory applies to the case in which the
emission is a collective result of many aligned carbon nano-
tubes of equal length, identical geometrical shape, and dis-
tributed uniformly onto the surface of a large flat substrate.
The experimentally measured result is, however, an average
over all of the aligned nanotubes that are structurally diverse
in diameters, lengths, and helical angles. To properly under-
stand the fundamental physics in carbon nanotube field emis-
sion, it is essential to examine the field emission properties
of individual nanotubes.
We have developed a technique for measuring the work
function at the tips of individual carbon nanotubes using in
situ transmission electron microscopy ~TEM!.10 In this letter,
we present in situ TEM observation of the electron field
emission from individual carbon nanotubes, and the field in-
duced structural damage of multiwalled nanotubes.
The observation was carried out in situ in a JEOL 100C
TEM ~100 kV!.11 A specimen holder was built for applying a
voltage across a nanotube and its counter gold electrode. The
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The nanotubes to be used for observation are directly imaged
in TEM @Fig. 1~a!# and the specimen can be selected so that
the emission is mainly from one nanotube. After applying a
voltage onto the nanotube, the tip of the nanotube is charged
and it bends toward the counter electrode simply due to its
long length @Figs. 1~b! and 1~c!#. This length induced bend-
ing flexibility is a source of emission current instability for
carbon nanotubes.
To observe the electrostatic field distribution due to the
charges on a carbon nanotube, we use the beam deflection
effect introduced by the electrostatic force. If the nanotube is
positively charged @Fig. 2~a!#, the electrons passing through
FIG. 1. ~a! TEM image of carbon nanotubes and a counterelectrode used for
observing the field emission by in situ TEM. ~b!, ~c! TEM images of a
carbon nanotube at the end of a carbon fiber produced by arc discharge,
showing its straight shape and the bent shape prior and post applying a 60 V
voltage. The change in nanotube contrast in ~c! is due to the buildup of the
electrostatic charges at its tip.© 2002 American Institute of Physics
o AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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due to electrostatic attraction, resulting in a weak diffuse
scattering in the electron diffraction pattern around the cen-
tral transmission beam. By selecting a portion of the dif-
fusely scattered electrons using a small size objective aper-
ture, the field distribution around the nanotube can be
revealed. Figures 2~b! and 2~c! are two images of the nano-
tubes acquired by placing the objective aperture at the b and
c positions as indicated in Fig. 2~a!, corresponding, respec-
tively, to the dark field and bright field images of the nano-
tubes that are emitting electrons. The contrast is mostly pro-
nounced near the tips of the nanotubes produced by an arc-
discharge technique, confirming the emission of electrons
from the tips of the nanotubes, just as expected. The classical
definition of turn on field Et5V/d , where V is the applied
voltage and d is the distance from the tip of the field emitter
to the surface of the counter electrode, may not be an ad-
equate measurement on the local field at the tips of the car-
bon nanotube, due to its sharp needle geometry. The experi-
mentally measured turn field for carbon nanotube is as low
as 0.6–1.0 V/mm.13
For nanotubes produced by chemical vapor deposition
~CVD! that usually have more defects and imperfect struc-
tures, the field is even appreciable near the defect site, as
indicated in Fig. 2~d!, although the field is still the maximum
near the tip, indicating that the defect region can have elec-
trostatic charge. Figures 2~e! and 2~f! are two images re-
corded by selecting the electrons deflected to both sides of
the nanotube, showing the field distribution around the nano-
tube. It is apparent that the tube has charge distribution
across its entire length to maintain its equal potential surface
FIG. 2. ~a! Schematic diagram showing the deflection of the electron beam
passing a positively charged nanotube and the corresponding diffuse scat-
tering around the transmission beam in TEM, where the circles indicate the
positions of the objective aperture used for acquiring the images. ~b!, ~c!
TEM images of carbon nanotubes produced by arc discharge by positioning
the objective aperture at positions b and c, respectively, under an applied
voltage of 100 V. The distance from the tip of the nanotube to the counter-
electrode was ;3 mm. ~e!–~f! TEM images of a carbon nanotube grown by
CVD process showing potential distribution at the tip and on both sides of
the nanotube. The applied voltage was 120 V. The distance from the tip of
the nanotube to the counterelectrode was ;2.5 mm.Downloaded 12 May 2004 to 130.207.165.29. Redistribution subject t~for conductive nanotubes, a case for most of the nanotubes!.
A quantitative analysis of the potential field based on
these images must consider four important factors: ~1! the
size and position u0 of the objective aperture in reciprocal
space, D(uu-u0u); ~2! the relative position of the tube in
reference to the counter electrode; ~3! the beam convergence;
and ~4! the defocus Df of the objective lens. The vast differ-
ence of the contrast between Figs. 3~e! and 3~f! at the tip of
the nanotube is due to beam convergence. If we ignore the
beam convergence and ignore the spherical aberration of the
objective lens, the image contrast is given in Eq. ~1! under
the weak-phase-object approximation:
I5uD~u0!1isV~x ,y ! ^ t~x ,y ! ^ dap~x ,y !u2, ~1!
where s5p/lU0 , U0 is the accelerating voltage of the
TEM, l is the electron wavelength, V(x ,y) is the projected
potential of the electrostatic field around the tip, t(x ,y)
5exp@ip(x21y2)/lDf#/ilDf,
dap~x ,y !52p*0
u0du uJ0~2pur!,
r5@p(x21y2)1/2# , J0 is the Bessel function, and ^ is the
convolution calculation.
An important phenomenon of our study is the observa-
tion of structural damage of a carbon nanotube during field
emission under a higher voltage. This study is useful in de-
termining the structural stability of the nanotubes. Figure 3
shows a series of images of a nanotube that was being dam-
aged by an applied voltage. The structural damage is appar-
ent as the applied voltage increases. The damage occurs in
such a way that the walls of the nanotubes are split patch-
by-patch and segment-by-segment. A closer image of the
splitting is shown in Fig. 3~e!. This damage process is dif-
ferent from the unraveling process proposed by Rinzler
et al.,2 who believed that the nanotubes are damaged follow-
ing a string-by-string removing of the carbon atoms along
the circumference of the graphitic layer.
FIG. 3. ‘‘Splitting’’ process in structural damage. ~a!–~d! Series of TEM
images showing the structural damage of a carbon nanotube during field
emission, in which the applied voltage and the emission current are: ~a! V
580 V, I510 mA, ~b! V590 V, I540 mA, ~c! V5110 V, I5100 mA,
and ~d! V5130 V, I5250 mA. The distance from the tip of the nanotube to
the counter electrode was ;2 mm. ~e! Nanotube that is experiencing the
splitting of its outer layers during the damage.o AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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tube under the applied electric field. The diameter and length
of the nanotube A decrease as it is being damaged by the
field. This is a sharpening process of the multiwalled nano-
tube. The structure of nanotube B is almost totally damaged
by the field and finally becomes a graphitic structure.
The mechanisms of the field-induced damage are be-
lieved due to two processes. One, the electrostatic force act-
ing on the tip of the nanotube can split the nanotube piece-
by-piece and segment-by-segment, such as the one shown in
Fig. 3. The second process is likely due to the local tempera-
ture created by the flow of emission current, which may
‘‘burn’’ the nanotube layer-by-layer, resulting in the sharpen-
ing process as presented in Fig. 4. The emission current is
likely to flow along the nanotube through the most outer
graphitic layers.11 Figure 4~e! shows a TEM image of a car-
bon nanotube after passing a large current, displaying severe
damage near the surface, suggesting that the current flowed
through the outer layers. This was first proposed by Frank
et al.14 for interpreting the quantum conductance of a multi-
walled carbon nanotube at room temperature. This process
has recently been used for removing the walls of carbon
nanotubes.15,16
It was reported by Rinzler et al.2 that the current emitted
by nanotubes fluctuates almost randomly as a function of
time at the time scale of a couple of seconds, and this phe-
nomenon was interpreted owing to a unraveling process of
the carbon atom ring. Through in situ TEM observation, we
found that the fluctuation in emission current is due to a
FIG. 4. ‘‘Stripping’’ effect in structural damage. ~a!–~e! Series of TEM
images showing the structural damage of a carbon nanotube during field
emission. The applied voltages were ~a! V5100 V, ~b! V5120 V, ~c! V
5140 V, ~d! V5160 V, and ~e! V5200 V. The distance from the tip of the
nanotube to the counterelectrode was ;4 mm. ~f! A carbon nanotube after
passing through a large current, showing the structural damage at the outer
graphitic layers, while the internal layers are intact.Downloaded 12 May 2004 to 130.207.165.29. Redistribution subject t‘‘head-shaking’’ effect of the nanotube while emitting elec-
trons. As previously shown in Fig. 1~c!, the nanotube bends
toward the counter electrode at an applied voltage. The emis-
sion of electrons from a nanotube is likely to be a ‘‘ballistic’’
emission process in which the electrons are emitted as
groups, although each emission can release many electrons.
When the nanotube is fully charged prior to emission, the
distance between the nanotube tip and the counter electrode
is the smallest due to the strongest electrostatic attraction; as
soon as the electrons are emitted as a group, the electrostatic
force between the nanotube and the electrode drops slightly,
resulting in the recovery of the nanotube shape and a larger
distance from the electrode. The head shaking of the nano-
tube due to ‘‘ballistic’’ emission results in a variation in the
distance of its tip from the electrode, thus, leads to a fluctua-
tion in the emission current. This may also account for the
blinking of emission current from carbon nanotubes. The
ballistic emission is possible because the small size of a
nanotube can only hold a small amount of electrons at its tip.
A rough estimation indicates that loosing one electron at the
tip can change the tip potential by ;0.15 V for a 20 nm
diameter nanotube. The head shaking is a result of its large
aspect ratio that leads to body swing during field emission.
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